This paper reports an investigation of the fully developed natural convection heat and mass transfer of a micropolar fluid in a vertical channel. Asymmetric temperature and concentration boundary conditions are applied to the walls of the channel. The cases of double diffusion and Soret-induced convection are both considered. The governing parameters for the problem are the buoyancy ratio and the various material parameters of the micropolar fluid. The resulting non-dimensional boundary value problem is solved analytically in closed form using MAPLE software. A numerical solution of the time dependent governing equations is demonstrated to be in good agreement with the analytical model. The influence of the governing parameters on the fluid flow as well as heat and solute transfers is demonstrated to be significant.
Introduction
The theory of micropolar fluids, introduced by Eringen [1] [2] [3] [4] in order to deal with the characteristics of fluids with suspended particles, has received considerable interest in recent years. Examples of applications of such fluids include the behavior of colloidal suspensions or polymeric fluids [5] , liquid crystals [6] , animal blood [7] , exotic lubricants [4] , etc. Also, as demonstrated by Papautsky et al. [8] , Eringen's model predicts successfully the characteristics of flow in microchannels. An excellent review of the various applications of micropolar fluid mechanics was presented by Ariman et al. [9, 10] .
The first study of the fully developed free convection of a micropolar fluid in a vertical channel was presented by Chamkha et al. [11] . This problem was extended by Kumar et al. [12] to consider the case of a channel with one region filled with micropolar fluid and the other region with a Newtonian fluid. It was found that the effects of the micropolar fluid material parameters suppress the fluid velocity but enhance the microrotation velocity. The problem of convective heat and mass transfer in a vertical channel with asymmetric wall temperatures and concentrations has been investigated by Cheng [13] . An analytical solution predicting the characteristics of fluid flow, and heat and mass transfer was derived. It was reported that an increase of the vortex viscosity parameter tends to decrease the fluid velocity in the vertical channel. The same problem was later reconsidered by Bataineh et al. [14] . An analytical solution, obtained on the basis of the homotopy analysis method, was found to be in excellent agreement with the solution of Cheng [13] . Recently, the problem of the fully developed natural convection heat and mass transfer of a micropolar fluid between porous vertical plates with asymmetric wall temperatures and concentrations was investigated by Abdulaziz and Hashim [15] . Profiles for velocity and microrotation were presented for a range of Reynolds numbers and micropolar fluid material parameters. It is demonstrated that, as the Reynolds number increases, the velocity decreases in the left part of the channel and increases in the right part.
The above studies [13] [14] [15] are concerned with double-diffusive convection in a vertical channel for which the flows induced by the buoyancy forces result from the imposition of both thermal and solutal boundary conditions on the vertical walls. However, it is well known that convection, in a binary mixture, can also be induced by Soret effects. For this situation the species gradients result from the imposition of a temperature gradient in an otherwise uniform-concentration mixture. In fact, convection in binary fluids can be classified into problems of two types as regards the solutal contribution to the total buoyancy force induced by the thermal and solutal gradients. In the first type of problem, called double-diffusive convection, the solutal field results from the imposition of given solutal boundary conditions on the system. In the second problem, called Soret-induced convection, the solutal gradients are due to the thermal diffusion in a binary mixture, initially homogeneous. The first study of Soret-induced convection was described by Bergman and Srinivasan [16] , while considering natural convection in a cavity filled with a binary fluid. This flow configuration has also been investigated by a few authors [17] [18] [19] [20] [21] [22] . As pointed out recently by Rawat and Bhargava [23] , the study of heat and mass transfer in micropolar fluids is of importance in the fields of chemical engineering, aerospace engineering and also industrial manufacturing processes.
The purpose of the present paper is to extend the work of Cheng [13] by considering not only double-diffusive convection but also convection induced by the Soret effects. Furthermore, the boundary conditions considered here for the angular velocity are more general than those considered in Refs. [13] [14] [15] .
Basic equations
We consider a steady fully developed laminar natural convection flow of a micropolar fluid between two infinite vertical plates (see Fig. 1 ). The vertical plates are separated by a distance H ′ . The convection current is induced by both the temperature and concentration gradients. The flow is assumed to be in the x ′ direction, which is taken to be vertically upward along the channel walls, while the y ′ -axis is normal to the plates. The fluid is assumed to satisfy the Boussinesq approximation, with constant properties except for the density variations in the buoyancy force term. The density variation with temperature and concentration is described by the state equation 
′
T and β C are the thermal and the concentration expansion coefficients, respectively. In the present investigation the Dufour effect is neglected since it is well known that the modification of the heat flow due to the concentration gradient is of importance in gases but negligible in liquids. Under these assumptions, the governing equations can be written as [13] (µ + κ)
a b 
where u ′ is the velocity component along the x ′ direction, and g is the acceleration due to gravity. Further, µ, κ, j, N ′ and γ are respectively the dynamic viscosity, vortex viscosity, micro-inertia density, angular velocity and spin gradient viscosity.
Following Chamkha et al. [11] it is assumed that γ has the form γ = (µ + κ/2)j.
The appropriate boundary conditions applied on the walls of the vertical channel are
where 0 ≤ n ≤ 1 is a boundary parameter that indicates the degree to which the microelements are free to rotate near the channel walls. The case n = 0 represents concentrated particle flows in which the microelements close to the wall are unable to rotate [24] . The case n = 0.5 represents weak concentration and corresponds to the vanishing of antisymmetric part of the stress tensor [25] . Finally, according to Peddieson [26] the case n = 1 is applicable to the modeling of turbulent boundary layer flows. D and D ′ are respectively the molecular diffusion coefficient and the thermodiffusion coefficient.
The governing equations are non-dimensionalized by scaling length by H ′ , velocity by µGr/(ρ 0 H ′ ), and microrotation by µGr/(ρ 0 H ′2 ) where Gr = gρ
2 is the Grashof number. Also, we introduce the reduced temperature 
The dimensionless equations governing the present problem then read
(
The corresponding boundary conditions in dimensionless form are
where
is the wall concentration ratio, K = κ/µ is the vortex viscosity parameter and B = H ′2 /j is the micro-inertia parameter. In the present formulation the particular case a = 0 corresponds to double-diffusive convection for which the solutal buoyancy forces are induced by the imposition of a constant concentration such that S = 1 on y = 0 and S = R S on y = 1. On the other hand a = 1 corresponds to the case of a binary fluid subject to the Soret effect. For this situation, it follows from Eqs. (11) and (12) that dS/dy = dT /dy on y = 0, 1.
The analytical solution
It can be shown that Eqs. (7)- (10), together with the boundary conditions Eqs. (11)- (12), possess the following analytical solution, obtained with the help of the Maple software: 
where:
and and
The dimensionless volume flow rate is given by
The dimensionless total rates at which heat and species are added to the fluid are obtained, respectively, as follows: 
It is noted that for the case a = 0 and n = 0, Eqs. (13)- (22) reduce to those reported by Cheng [13] .
Results and discussion
The governing Eqs. (7)- (10), subject to boundary conditions, Eqs. (11)- (12), have been solved numerically, using an implicit finite-difference method. The unsteady state forms of these equations were discretized by using three-point central differences. The resulting sets of algebraic equations were solved by using the classical tri-diagonal Thomas algorithm. Constant time steps of 0.01 were used while the computational domain was divided into 40 points. This mesh size was found to be sufficiently accurate, as illustrated in Table 1 for the case K = 1.5, ϕ = 2, R T = 0.6, R S = 0.3, n = 0 and for a = 0. The results indicate that even for a mesh size of 10 the numerical data are quite close to those predicted by the present analytical model. Thus, the computational domain was divided into 40 points for all the numerical results presented here. In view of the numerous parameters involved in the present problem the micro-inertia parameter, B, is fixed equal to 1. Also, for comparison with the results reported in Refs. [13, 14] , the wall temperature ratio and wall concentration ratio are maintained constant at R T = 0.6 and R S = 0.3. The effects of the other governing parameters, namely the buoyancy ratio ϕ, vortex viscosity parameter K , dimensionless micro-gyration n and constant a are illustrated in Figs. 2-9 . In general it is observed that the agreement between the analytical and the numerical solutions is excellent. All the numerical results reported in this study indicate that the solution is steady in the range of the governing parameters considered here.
Figs. 2 and 3 illustrate the influence of the vortex viscosity parameter K on the distribution of velocity u and angular velocity N for n = 0, a = 0 and a = 1. Figs. 2(a) and 3(a) show the results obtained for ϕ = 2, for which the thermal and solutal buoyancy forces are cooperating. In general K depends on the shape and concentration of the microelements. For a Fig. 7 . Effects of parameter n on the velocity profiles u and the microrotation profiles N for K = 1.5, ϕ = 10 and a = 1.
Table 1
Comparison between the numerical and analytical solutions for K = 1.5, B = 1, ϕ = 2, R T = 0.6, R S = 0.3, n = 0 and a = 0. given shape of the microelements, K directly gives a measure of concentration of the microelements. Thus, an increase of K , i.e. of the concentration of microconstituents, results in a larger resistance to the fluid motion. Consequently, it is observed from Figs. 2 and 3 that, upon increasing parameter K , the intensity of the convective velocity u is reduced as compared to the Newtonian fluid situation (K = 0). In fact, according to the present theory, it is found that u → 0 as the vortex viscosity parameter K → ∞. In general, a review of the literature indicates that 0 ≤ K ≤ 10. In Fig. 2 this range has been extended to illustrate the effect of K → ∞ on N. The influence of parameter K on the angular velocity N is also illustrated in these graphs. Naturally, N = 0 for K = 0, since no rotation can occur in the absence of micropolar elements (Newtonian fluid situation). The variation with K of the value of N, evaluated at the position y = 3/4, is also presented in the graphs.
The results indicate that upon increasing K the intensity of N first increases. However, for K above unity, the value of N starts to decrease. The fact that a critical value of the viscosity ratio exists for N has already been reported in the past by Kim and Kim [27] , while studying plane Couette micropolar flows. For this geometry it was demonstrated that the critical value of N occurs at about K = 0.3. The same phenomenon was also reported by Alloui and Vasseur [28] for the case of a layer of micropolar fluid heated from the bottom by a constant heat flux. A bird's eye view of the results presented in these graphs indicates that the flow characteristics, obtained for double-diffusive convection and Soret-induced convection, are qualitatively similar. However, it is clear that the strength of the convection is higher for the double-diffusive situation. The effect of the buoyancy ratio ϕ on the velocity profiles u and microrotation profiles N is exemplified in Figs. 4 and 5 for the cases a = 0 and a = 1, respectively. In the absence of solute concentration effects, i.e. when ϕ = 0, the flow is induced solely by the imposed temperature gradients. The graphs show that for this situation, as expected, both the intensity of convection u and the microrotation N are the same independently of the convective mode (double diffusion or Soret-induced convection). In the case of double diffusion, Fig. 4 indicates that, when ϕ is above zero, the thermal and solutal buoyancy forces act in the same direction and the flow is considered to be aided. Thus for ϕ = 2, it is found that the magnitudes of the fluid velocity and the microrotation are promoted in the vertical channel. On the other hand, when ϕ is below zero the thermal and solutal buoyancy forces act now in opposing directions. As a result, for ϕ = −2, the flow direction is now reversed since it is governed by the predominant solutal effects. Naturally, the same trend is observed for the microrotation profiles. On the other hand, in the case of Soret-induced convection, Fig. 5 shows that the trend is quite different. Thus upon increasing (decreasing) ϕ from zero to 10 (−10) it is seen that the strength of convection is enhanced, the peak velocity being moving toward the left (right) hotter (colder) wall. As discussed below, upon increasing ϕ considerably the flow pattern is, depending on the sign of this parameter, up or down in the halves of the channel.
The influence of micro-gyration parameter n on the velocity u, and microrotation N profiles, for K = 1.5 and ϕ = 10, is depicted in Fig. 6 for a = 0 and Fig. 7 for a = 1. The results indicate that the intensity of the convective flow u and that of the angular velocity N are minimum for n = 0. This particular value of n represents the case where the concentration of the microelements is sufficiently large that the particles close to the walls are unable to rotate. Upon increasing the value of n, the concentration of the solution becomes weaker such that the particles near the walls are free to rotate. Thus, as n is augmented the microrotation term is augmented, which induces an enhancement of the flow. thermal and solutal buoyancy forces are aiding (ϕ > 0), the flow direction is upward (Q > 0). The reverse is true (Q < 0) when both the thermal and solutal buoyancy forces are opposing (ϕ < 0). On the other hand, for the case of Soret-induced convection, the flow rate is found to be independent of the buoyancy ratio ϕ. This follows from the fact that, for this situation, the quantity of the solute between the two vertical plates remains constant. The Soret effect acts merely to redistribute the concentration in the system, giving rise to local increase or decrease of the local velocity. However, the global flow rate remains constant. Also, as discussed above, upon increasing the value of n the intensity of the velocity field (and thus of the flow rate Q ) is enhanced.
The dimensionless total rate, E, at which heat is added to the fluid is plotted in Fig. 9 (a) and (b) as a function of the buoyancy ratio ϕ and the micro-gyration parameter n, for the case K = 1.5. Fig. 9(a) shows that, in the case of doublediffusive convection, for ϕ > 0, increasing ϕ results in an augmentation of the strength of the convective motion such that E increases. For ϕ < 0, the results are similar but, since the flow direction is now downward, the value of E is negative. On the other hand the results obtained for Soret-induced convection, Fig. 9(b) , are quite different. For this situation, the velocity profiles (not presented here) indicate that for ϕ ≫ 1 the flow is upward near the left hotter wall and downward near the right colder one. Thus, the total rate E at which heat is added to the fluid is promoted upon increasing ϕ as a result of the increase of the flow intensity near the hotter wall. Naturally, for large negative values of ϕ the flow direction is reversed (downward near the hot wall and upward near the cold wall). Thus, the value of E decreases and becomes eventually negative (for instance, this happens at ϕ ≤ −240 when n = 0). Finally, Fig. 9 (a) and (b) indicate that increasing n promotes the fluid flow and thus the total rate at which heat is added to the fluid.
We now consider the buoyancy ratio. The dimensionless total rate, Φ, at which species are added to the fluid is depicted in Fig. 10 as a function of ϕ and the micro-gyration parameter n, for the case K = 1.5. The Soret-induced convection, represented by a dotted line, indicates that Φ = 0 independently of n. This is expected since for this situation the solid boundaries are impermeable to concentration. The Soret effect is merely to redistribute the originally uniform concentration within the system. However, for double diffusion, the solid lines indicate that increasing ϕ, i.e. increasing the strength of Fig. 10 . Effects of buoyancy ratio ϕ and parameter n on the total rate at which species are added to the fluid, Φ, for K = 1.5, a = 0 and a = 1. Fig. 11 . Effects of parameter K on the volume flow rate Q and on the total rate at which heat is added to the fluid for ϕ = 2 and n = 0. the convective flow, results in an enhancement of the rate of mass transfer through the system. These results are similar to those reported by Cheng [13] . Also, it is observed from Fig. 10 that, for a given value of ϕ, Φ decreases as the value of n is reduced toward n = 0. As already mentioned, a decrease of n corresponds to an increase of the concentration of the solution such that the particles close to the solid boundaries are unable to rotate. This results in a decrease of the flow rate and thus a decrease of Φ.
The volume flow rate, Q , and total rate at which heat is added to the fluid, E, are plotted in Fig. 11 as a function of K for ϕ = 2 and n = 0. Here again, the results obtained for double-diffusive convection and Soret-induced convection are qualitatively similar. In the limit K → 0 both Q and E tend asymptotically to constant values corresponding to the Newtonian fluid situation. On the other hand, in the limit K → ∞, both Q and E become negligible, due to the increase of the vortex viscosity.
Conclusions
In this paper we have studied free convection of heat and mass transfer of micropolar fluid in a vertical channel. The cases of double-diffusive convection and Soret-induced convection are both investigated. Asymmetric wall temperatures and concentrations are considered. The closed form solution proposed in this paper, for fully developed flow, is found to be in excellent agreement with a numerical solution of the time dependent form of the governing equations. Thus, in the range of the governing parameters considered in this study, the solution is steady. In general it is found that, upon increasing the vortex viscosity parameter K , the fluid velocity is inhibited. The influence of micro-gyration parameter n, which characterizes the boundary conditions applied on rotation of the microelements near the solid boundaries, on the velocity u and microrotation N profiles is found to be significant. Thus, as n is augmented, the microrotation term is promoted, which induces enhancement of flow velocities. The effect of the buoyancy ratio ϕ on the velocity profiles u and microrotation profiles N is also found to be important. The flow direction in the channel depends strongly on the sign of this parameter. The results presented in this paper illustrate the difference between double diffusion [13] and Soret-induced
